Ultrasound, or the application of acoustic energy, is a minimally invasive technique that has been used in diagnostic, surgical, imaging, and therapeutic applications. Low-intensity pulsed ultrasound (LIPUS) has been used to accelerate bone fracture repair and to heal non-union defects. While shown to be effective the precise mechanism behind its utility is still poorly understood. In this study, we considered the possibility that LIPUS may be providing a physical stimulus to cells within bony defects. We have also evaluated ultrasound as a means of producing a transdermal physical force that could stimulate osteoblasts that had been encapsulated within collagen hydrogels and delivered to bony defects. Here we show that ultrasound does indeed produce a measurable physical force and when applied to hydrogels causes their deformation, more so as ultrasound intensity was increased or hydrogel stiffness decreased. MC3T3 mouse osteoblast cells were then encapsulated within hydrogels to measure the response to this force. Statistically significant elevated gene expression for alkaline phosphatase and osteocalcin, both wellestablished markers of osteoblast differentiation, was noted in encapsulated osteoblasts (p < 0.05), suggesting that the physical force provided by ultrasound may induce bone formation in part through physically stimulating cells. We have also shown that this osteoblastic response is dependent in part on the stiffness of the encapsulating hydrogel, as stiffer hydrogels resulted in reducing or reversing this response. Taken together this approach, encapsulating cells for implantation into a bony defect that can potentially be transdermally loaded using ultrasound presents a novel regenerative engineering approach to enhanced fracture repair.
Introduction
Hydrogels continue to gain favor in tissue engineering and regenerative medicine as (1) tissue mimics to allow the study of cells in three-dimensional environments, 1 (2) growth factor delivery vehicles, 2 (3) synthetic extracellular matrices (ECMs) for study and implantation, 1, 3, 4 and (4) cell delivery and retention vehicles for cell therapy-based tissue repair. 2 Clinically cell therapy has been used successfully for bone repair as part of autograft transplantation in which cellenriched bone tissue harvested from the iliac crest of the patient is reimplanted at a defect site 5 and has been investigated for soft tissues as well. 6 Typically, however, these and other purely cellular approaches to tissue repair lack a way to deliver and retain cells at the defect site after implantation, lessening their beneficial attributes. Combining cell delivery with a hydrogel carrier gives the added benefit of cell persistence at the defect site 7 and custom fit to eccentrically shaped defects. Using an injectable hydrogel adds the potential for minimally invasive implantation. 8 The mechanical mismatch between hydrogels and intact bone, however, limits the utility of this approach to non-load bearing defects such as fractures and fracture non-unions. Even in these instances the fracture site requires immobilization to facilitate healing. Given that osteoblasts and their precursors respond favorably to mechanical loading overlooking this immobilization may be a missed opportunity to enhance fracture repair. With these points in mind we have been developing a strategy to mechanically load encapsulated cells within a hydrogel after implantation using ultrasound-generated acoustic radiation force that, if applied transdermally, would not disturb the stability of the healing fracture.
Ultrasound-generated acoustic radiation force can be delivered through a transducer at high intensities (1000 W/cm 2 ) and has been used to both visualize biological tissues through mechanical displacement or deformation and to assess tissue mechanical properties based on a relationship between applied acoustic force and subsequent tissue deformation, a technique referred to as elastography. 9 These acoustic waves are typically delivered in short, highly focused bursts as any longer duration would increase local temperatures to damaging levels. This risk of thermal damage therefore limits high-intensity pulses to largely non-therapeutic roles.
Low-intensity pulsed ultrasound (LIPUS), on the other hand, has been found to be clinically effective for accelerated bone fracture repair and the treatment of non-unions, 10 and while many theories have been suggested the actual mechanism behind its utility remains unknown. The existence of a measurable acoustic radiation force at high intensities suggests the possibility that at very low intensities a low level mechanical force is being applied to the fracture site. In fact one method of calibrating therapeutic ultrasound devices measures the force generated by lower intensity ultrasound, but this force has yet to be fully evaluated as a tool for loading healing bone defects. Given this, the goal of this work was to assess the mechanical nature of LIPUS at and around the intensities currently used to clinically treat fractures and bony non-unions. Here we describe (1) the design of a fully adjustable ultrasound system with user-defined ultrasound frequency, duration, and intensity; (2) the characterization of the generated intensity/pressure; and (3) the manifestation of these forces on hydrogels and cell/hydrogel constructs in culture.
Materials and methods

Collagen hydrogel preparation
Type I rat tail collagen (BD Biosciences, Franklin Lakes NJ) in acetic acid was used for collagen hydrogel preparation according to the manufacturer's protocol. Briefly, type I collagen solution was neutralized by 1 M NaOH on ice to yield the desired final hydrogel concentration. Next, 3 mL of the neutralized collagen solution was injected in each well of a six-well plate and placed in 37 C for 20 min to allow collagen solution to gel, after which the collagen hydrogels were evaluated for either physical displacement (see ''Hydrogel deformation imaging'' section) or used for cell culture (see ''Cell culture/proliferation'' section). All hydrogel preparation procedures were carried out under sterile conditions.
Ultrasound setup
LIPUS was applied to hydrogels in six-well tissue culture plates using a 1.2 MHz unfocused immersion transducer (Olympus NDT, Inc., Waltham MA), a waveform generator (Agilent Technologies, Santa Clara CA), and an ENI RF amplifier (Bell Electronics, Renton WA) and calibrated with a 200 mm diameter needle hydrophone (Onda Corp., Sunnyvale, CA). A 1 MHz carrier frequency; 1 kHz pulse repetition frequency; and either 20, 50, or 100% duty cycle were tested for output by performing an amplitude sweep on the waveform generator in order to construct intensity and pressure calibration plots which would indicate the proper input amplitude to reproduce the spatial intensity that is clinically used for fracture repair, 30 mW/cm 2 . 10 To accomplish this, the transducer and hydrophone were placed underwater uniaxially 3 mm apart. The hydrophone was connected to an oscilloscope to measure output voltage, which was used to calculate pressure (kPa) for each corresponding input amplitude based on the hydrophone's calibration factor (provided by the manufacturer). The pressure was then converted to a spatial intensity (power per unit area), the measure of ultrasound commonly referred to in orthopedic clinical practice.
Hydrogel deformation imaging
Type I rat tail collagen (BD Biosciences, Franklin Lakes NJ) was formulated into four different concentrations (0.5, 0.75, 1, and 2 mg/mL) that resulted in hydrogels of four different mechanical stiffnesses. Fluorescent 1 mm beads (Fisher Scientific, Pittsburgh, PA) were encapsulated within the hydrogels and imaged with a water-cooled epifluorescent microscope (Hamamatsu Corp., Bridgewater, NJ) to track the movement of the beads under ultrasound-generated acoustic radiation force. Volocity TM acquisition and quantification software (Improvision, Inc., Coventry, UK) was used to capture the movement of fluorescent beads in each of the hydrogels during three distinct phases of testing: (1) 30 s prior to ultrasound application to establish a baseline, (2) 30 s during which the hydrogels were subjected to ultrasound treatment, and (3) 30 s after ultrasound application ended to visualize scaffold relaxation. Each concentration of hydrogel was subjected to a 20% (which corresponds to clinical treatment for bone defects), 50, and 100% duty cycle. Within each hydrogel 10 beads were tracked and their displacement in the x, y, and z planes was summed and recorded. The mean total displacement (AESD) was plotted for each concentration and duty cycle.
Cell culture/proliferation MC3T3 mouse preosteoblast cells were obtained from ATCC (Manassas, VA) and used for proliferation and osteoblastic phenotype studies. Cells were initially cultured on tissue culture polystyrene at a seeding density of 5 Â 10 4 cells/well in a six-well plate in a-MEM media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Cells were maintained in 37 C and 5% CO 2 and medium was changed every two days.
To evaluate whether LIPUS impacted cell proliferation in hydrogels, 2.5 Â 10 5 MC3T3 cells were encapsulated in 3 mL of 1 mg/mL (0.1%) collagen type I hydrogel concentration in six-well plates in alpha-MEM media supplemented with 10% FBS and 1% P/S. Cells encapsulated in collagen were maintained in 37 C and 5% CO 2 and medium was changed every two days. Cell cultures were treated each day with the clinical intensity of LIPUS (30 mW/cm 2 ) for 20 min/day (experimental group) and no LIPUS (control group) over one, three, and seven-day time points. At each time point, cells were isolated by digesting the collagen hydrogel with enzyme collagenase (Thermo Fisher Scientific, Waltham, MA) and centrifuged to form a cell pellet. The cell pellet was re-suspended in 400 mL of PBS and 2% FBS. Propidium iodide (1 mL/400 mL) was added to each sample (n ¼ 4 for each group) to fluorescently tag the dead cells and the total number of viable cell count was measured by magnetic-activated cell sorting (Miltenyl Biotec, Germany). One-way analysis of variance (ANOVA) statistical analysis was used to determine statistical significance between each group (p < 0.05).
Live dead assay
Cell/hydrogel constructs were made by encapsulating 1.0 Â 10 5 MC3T3-E1 cells in 0.1% rat-tail Collagen Type I (BD Biosciences, #354249) as indicated above. After 24 h, the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, #L3224) solutions were added to the collagen scaffolds according to protocol and immediately imaged on the Zeiss LSM ConfoCor2 confocal microscope with a 10 x objective. Live cells appeared green and dead cells appeared red to indicate cell viability within the hydrogels.
Real time RT-PCR analysis
Real-time quantitative RT-PCR was performed for osteogenic markers alkaline phosphatase (AP) and osteocalcin (OC) via TaqMan gene expression assays (Thermo Fisher Scientific, Waltham, MA). After MC3T3 cells encapsulated in 1, 2, and 3 mg/mL collagen hydrogel concentration were exposed to LIPUS (30 mW/cm 2 ; 20% duty cycle; 1 MHz carrier frequency; 1 kHz pulse repetition frequency) cells were isolated by digesting the collagen with enzyme collagenase (Thermo Fisher Scientific, Waltham, MA) and total RNA was extracted with RNeasy Mini (Qiagen, Valencia, CA). cDNA was then synthesized using Clontech EcoDry Premix (Double Primed) reverse transcription kit (Clontech, Mountain View, CA). Amplification curves for the experimental and the control genes were recorded over the iQ5 RT-PCR machine (BioRad, Valencia, CA) and the relative gene levels between samples were quantified. Data were calculated via the delta-delta Ct method and normalized to housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and relative to the day 1 control sample. One-way ANOVA statistical analysis was used to determine statistical significance (p < 0.05).
Results
Ultrasound characterization
To generate an ultrasound impulse the transducer requires an input amplitude, which manifests itself as either a spatial intensity (mW/cm 2 ) or a pressure (Pa). Whether the resultant impulse is expressed as a spatial intensity or pressure depends on the application at hand, but converting from one to the other is straightforward. Data were collected to generate Figure 1 (a) and (b) so the desired spatial intensity or pressure could be generated and applied to cells and cell/hydrogel constructs by inputting the appropriate amplitude and duty cycle. Figure 1(a) shows the empirically derived relationship between input amplitude and spatial intensity for our system, while Figure 1(b) shows the empirically derived relationship between input amplitude and pressure, and Figure 1 (c) shows the mathematically derived relationship between spatial intensity and pressure. Results indicate a positive correlation between input amplitude and both pressure and spatial intensity. That is, as input amplitude increased, transducer output (as shown by increased pressure values) increased, and increased amplitude also resulted in an increased spatial intensity.
Hydrogel deformation
Fluorescent beads encapsulated in collagen hydrogels showed clear evidence of displacement at both the onset and cessation of ultrasound, suggesting that hydrogel deformation and subsequent recovery occurred when exposed to ultrasound treatment. Figure 2 shows the mean displacement of tracked beads within hydrogels when ultrasound was turned on (at 30 s) and off (at 60 s), suggesting that when ultrasound was turned on the hydrogels underwent deformation and then were held in that position (suggested by little to no bead displacement between 30 and 60 s) until the ultrasound was turned off and the beads then moved again as the hydrogel partially recovered its original shape. Partial versus full recovery is suggested because the magnitude of the bead displacement at 60 s is less than that at 30 s. Given that these hydrogels are viscoelastic in nature the difference in displacement is to be expected.
Of the four hydrogel concentrations tested the lowest viscosity hydrogel (0.5 mg/mL collagen) experienced the highest amount of deformation for all three duty cycles (20, 50, and 100%), and for that hydrogel the 100% duty cycle showed the greatest displacement, followed by 50 and 20%. As hydrogel concentration increased from 0.5 to 2 mg/mL there was a progressive decrease in the amount of hydrogel displacement for each of the duty cycles, but the relationship between duty cycle and individual hydrogel deformation was consistent across all concentrations. The lack of hydrogel deformation with the 2 mg/mL concentration defined the upper level of stiffness that would permit deformation only for the levels of intensity evaluated in this study since applying a higher intensity to that hydrogel did show some evidence of displacement (data not shown).
Proliferation and live/dead study
The impact of LIPUS on proliferation was evaluated using gel-encapsulated MC3T3 cells over a period of seven days (Figure 3 ). At days 1, 3, and 7 there was no statistical difference between LIPUS and control groups indicating that the application of LIPUS neither inhibited nor stimulated proliferation within the hydrogel. Cells encapsulated within hydrogels also showed no evidence of cell death as indicated by the live/dead assay (Figure 4 ).
qRT-PCR Figure 5 shows the cellular response of encapsulated MC3T3 cells encapsulated in three different hydrogel concentrations (1, 2, and 3 mg/ml) to ultrasound with a 20% duty cycle applied daily over one, three, and seven days.
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Results indicate that after seven days cells in the softest hydrogels respond to ultrasound by expressing a statistically significant upregulation of both alkaline AP ( Figure 5(a) ) and OC ( Figure 5(d) ) gene expression, each a well-documented marker of osteoblastic differentiation, over cells in similar hydrogels not exposed to ultrasound (control). As the concentration of the hydrogel increased and deformation decreased the enhanced expression of AP mRNA from cells within the hydrogel receiving ultrasound was muted to the point where there was no difference between the two treatment groups statistically ( Figure 5(b) ) or numerically ( Figure 5(c) ), and the expression of OC mRNA was completely muted ( Figure 5(f) ) while encapsulated cells with no ultrasound showed an increase in OC expression.
Discussion
Every year, roughly 2.2 million bone graft procedures are performed worldwide at the considerable cost of approximately $2.5 billion per year. 11 Autografts are used for enhanced bone healing, spinal fusion, bone defects, and fracture repair and are the current gold standard for bone graft procedures. 12 However, the autograft requires a second surgery at the tissue harvest site that increases postoperative pain and the likelihood of surgical complications (donor-site morbidity). Allografts, the first alternative to autografts, account for about 43% of all bone grafts but there is a minimal but real risk of disease transmission from donor to recipient, 13, 14 and high failure rates when evaluated at the 10-year mark. 15 Given the large demand and shortcomings of autografts and allografts, we and other researchers have been investigating novel strategies to find an alternative. [16] [17] [18] [19] [20] [21] [22] [23] [24] Regenerative engineering has great potential as a viable alternative to autografting but it is not widely available for clinical use due to both regulatory hurdles and modest healing success. Improving bone tissue engineering outcomes may accelerate acceptance and availability as a clinical tool for bone defect repair. One strategy involves looking to current, clinically accepted treatments like LIPUS and blending them with novel biomaterialsbased strategies, like cell therapy combined with physically deformable hydrogel-based scaffolds, capable of delivering and localizing viable cell populations to enhance bone defect healing. 2 We have been looking at such hydrogels and have been exploring ways of mechanically loading the encapsulated cells remotely after implantation to enhance healing. One viable tool for this is ultrasoundgenerated acoustic radiation force.
Ultrasound, or the application of acoustic energy, is a minimally invasive technique that has been used in diagnostic, surgical, imaging, and therapeutic applications. Acoustic energy is produced from a piezoelectric crystal within a transducer that emits high-frequency acoustic pressure waves (1-12 MHz) capable of passing through skin and soft tissue. 25 This has allowed it to be used as a minimally invasive therapeutic device for varied clinical indications depending on the overall intensity of the ultrasonic energy. One example is high-intensity focused ultrasound, which focuses acoustic energy at very high, sustained intensities (1-20 MW/cm 2 ) to destroy tissue by raising local tissue temperatures up to 100 C. 26 While sustained high intensities have limited applications as therapeutic tools, pulsed high intensities have been used to evaluate the mechanical properties of soft tissue through acoustic radiation force imaging, 27-30 a technique called elastography. 9 A very brief, very high-intensity acoustic wave (generally around 1-1000 W/cm 2 ) 31,32 is generated and propagated into a tissue that can physically displace that tissue anywhere from 8 to 400 mm, 27, 28 which is in turn used to characterize the tissue's mechanical properties. 30 While intensities this high would be destructive to healthy tissue over extended periods of time, ultrasound at far lower intensities (<1 W/cm 2 ) has been shown to have a significant positive effect on fracture healing rates when applied to fresh fractures transdermally. This effect has lead to LIPUS being approved by the Food and Drug Administration for the treatment of fresh fractures (38% reduction in clinical and radiographic healing time) and fracture non-unions, and is being investigated for distraction osteogenesis. 33 Considerable work has been done to understand the mechanism behind this clinical efficacy by studying stem cells, osteoblasts, and osteocytes both in vitro and in vivo and much has been learned. In vitro studies have shown that LIPUS increases osteoblast cytokine production like vascular endothelial growth factor and fibroblast growth factor; 34 promotes chondrocyte aggrecan and type II procollagen synthesis; 35 inhibits osteoclastogenesis; 36 stimulates prostaglandin E 2 and COX-2 expression; 37 and elevates intracellular calcium, OC, DNA synthesis, and transforming growth factor-b synthesis as well. 38, 39 What is still unknown is why these responses occur and whether Figure 5 Gene expression of alkaline phosphatase and osteocalcin, both markers of osteoblastic differentiation, is shown to be elevated in cells encapsulated in 1 mg/mL collagen hydrogels after seven days of ultrasound exposure using the clinically prescribed spatial intensity (30 mW/cm 2 ) (p < 0.05) when compared to similarly encapsulated cells with no ultrasound exposure (a, d). As the concentration of hydrogel increases, and therefore the amount of hydrogel displacement noted in Figure 2 decreases, the gene expression of cells under ultrasound exposure is reduced to either match that of cells with no ultrasound (c) or to drop below (f) that of cells with no ultrasound, suggesting that as the displacement of hydrogels is reduced, so is the gene expression of both alkaline phosphatase and osteocalcin. (A color version of this figure is available in the online journal.) being able to control cellular responses would further enhance healing.
In this study, we sought to determine if ultrasound, at its lowest clinically relevant intensities, does indeed manifest itself as a measurable physical load and if so, is capable of applying a strong enough physical load to deform collagen hydrogels capable of acting as cell delivery vehicles to facilitate bone repair. Further, we sought to examine whether cells encapsulated within collagen hydrogels would respond to ultrasound in a way that favored more rapid bone formation. Our results indicated that a measurable physical load does indeed arise from low-intensity ultrasound. We reported this load in Figure 1 as both a spatial intensity, which is the unit of measure used in therapeutic ultrasound for bone repair, and as a pressure. In either case the collected data would allow us to ''dial in'' the appropriate parameters such that the resulting ultrasonic energy will be as required. Figure 2 demonstrates how the generated ultrasound was capable of displacing small fluorescent beads that were encapsulated within the hydrogels. The bead displacement magnitude was positively correlated with duty cycle such that as the duty cycle of the ultrasonic impulse increased from 20 to 50 to 100% so did the bead displacement. Displacement was inversely correlated with hydrogel concentration such that as the concentration (and similarly the mechanical stiffness) of the hydrogel increased bead displacement decreased. While these results appear intuitive they substantiate important claims that ultrasonic energy can be modulated to change the amount of deformation experienced by a hydrogel, allowing control over hydrogel deformation and, presumably, loading of encapsulated cells. We make the assumption that bead displacement equates to hydrogel deformation but are confident in this presumption because Figure 2 demonstrates that at the onset of ultrasound there is a measurable bead displacement, which we interpret as initial hydrogel deformation. During the ultrasound, however, there is little to no bead displacement, which we interpret as the hydrogel remaining deformed statically. At the cessation of ultrasound after 60 s there is another measurable bead displacement, which we interpret as the partial recovery of the hydrogel to its original shape. If there was no evidence of bead displacement at the cessation of ultrasound it would be difficult to argue that the beads mirrored hydrogel deformation, but given that the beads are displaced at the cessation of ultrasound, but also not to as great an extent as at its onset, we are confident that the hydrogel is moving with the beads and recovers partially, much like a viscoelastic material, which matches the mechanical behavior of the hydrogels after rheological evaluation (data not shown). If the beads were moving independently of the hydrogel we would expect the final displacement to equal the initial displacement or, since the beads are neutrally buoyant, show no final displacement at all. Figure 3 demonstrates that ultrasound, in our experiments, had no effect on cell proliferation. This both corroborates 40 and contradicts 41 the literature as many variants of ultrasound have been tested. Further study confirmed that the cells did indeed survive within the hydrogels, as evidenced by Figure 4 in which live cells appear green and dead appear red. The vast majority of cells remain viable after being encapsulated within the hydrogel. Evaluating mRNA expression in response to applied ultrasound revealed an interesting point. While both AP and OC were upregulated after 14 days of daily ultrasound this response was mitigated, and even reversed, as the concentration of the hydrogel was increased. Increasing the collagen concentration in hydrogels corresponds to increased stiffness (data not shown) and also to decreased bead displacement ( Figure 2 ). We surmised that over the relative long term (seven days) the physical response of osteoblasts to ultrasound can be muted by increasing the mechanical stiffness, and subsequently reducing the overall deformation, of the hydrogel within which the cells are encapsulated. This, along with the data presented in Figures 1 and 2 suggests three things: (1) ultrasound produces a measurable physical force that can be used to physically deform collagen hydrogels, (2) viable cells that are encapsulated within these hydrogels respond to the ultrasound-derived force by upregulating gene expression for key markers of bone cell differentiation typically seen as osteoblasts mature to bone forming cells, and (3) modifying the mechanical stiffness of these hydrogels can modulate the cellular response to the applied ultrasound. This work provides an important tool in cell therapy for bone repair by potentially allowing for the implantation of cells within a bony defect and the subsequent physical loading of those cells after implantation with control over the physical loading through either ultrasound modulation or hydrogel synthesis. This would allow for the physical stimulation of implanted cells during the earliest stages of fracture repair without disrupting the defect site when otherwise the complete immobilization would be mandated.
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